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Techniques utilizing the operation of pneumatic conveying have 
been in use for almost half a century, but the literature on the sub-
ject is very limited. As a result of such a situation the design of 
oonveyors has been carried out on a highly empirioal basis subject to 
much inefficiency. Various correlations based on the flow of solids 
with air have been proposed in the literature, but there is little 
common agreement among the writers. It is apparent upon consideration 
of these works that oertain underlying factors, notably those pertaining 
to the establishment of the equilibrium solid velocity, have not been 
given their full significance. Not all writers have ignored the effeots 
of suoh faotors, but in many oases the treatment of them lends uncer-
tainty to the results presented. In the light of these faots the pre-
sent investigation has been undertaken to reexamine the general prob-
lem of pneumatic conveying in order to establish the importance of the 
various factors and also to attempt the formulation of a simplified 
relationship expressing the friotional losses in pneumatic conveying. 
Such a relationship would be valuable to the engineer who desires to 
design such a system, especially if the equation were expressed in a 
familiar form such as the Fanning relationship. Due to the limitations 
imposed by time the scope of the investigation was limited to the fol-
lowing considerations: 
(a) The effective length of pipe to achieve aocelerationP 
(b) The effect of the rou^iness of the pipe on the pressure drop. 
(c) The effect of size and shape of partioles of like density 
X 
on the pressure drop. 
(d) The effect of the rate of feeding of solids and the rate of 
air flow on the pressure drop* 
(e) The determination of the relative velocity of the air to 
that of the solids in conveying. 
(f) The minimum air velocities to convey material fed at a given 
rate. 
The materials chosen for use in the study are considered to be 
representative of the types usually encountered in commercial conveying 
installations with the exception that, due to considerations of the 
physical limitations of the conveying system, the particles specific 
gravities were limited to a range between 1.0 and 1.2. However, the 
range studied includes a high percentage of the densities encountered in 
commercial practice, especially where grains are the conveyed material. 
i 
The principal part of the data for this study was obtained on soybeans, 
cottonseed and Tenite, cellulose butyrate acetate molding pellets. These 
materials exhibited a number of different shapes and covered a size range 
of from O.OU inches to 0.25 inches diameter0 
The results of this study demonstrate the extreme necessity for 
insuring the attainment of velocity equilibrium in studies on the flow of 
solids in air streams. As is demonstrated by measurements over the sec-
tion of pipe through which particles were being accelerated the accelera-
tion losses are appreciable in comparison to the frictional losses. 
Hence, any study of the frictional effects of air-solid flow in pipes 
xi 
must be carried on in test sections where the acceleration of particles 
is virtually zero, except for the acceleration of individual particles 
which have been slowed by their contact with the pipe wall. 
Measurements of the pressure drops encountered in the test section 
for different rates of solid and air flow have been obtained. These 
measurements have been carried out from the maximum rate possible with 
the equipment used to the minimum rate defined by the tendency of the 
solid material to settle out of the air stream at a particular velocity. 
The data have been correlated in a modified friction factor - Reynolds1 
number relationships through the use of a correlating factor based on the 
ratio of the density of the air-solid mixture to the density of the 
solid material being conveyed* This has resulted in an equation which 
fully expresses the flow of air-solid mixtures for the conveyance of 
materials in the density range covered. Supplementary data on material 
of higher specific gravity than that of the material used in the main 
part of the investigation indicates an exponential dependence of the 
correlating factor upon the density of the solid. However, the type of 
flow encountered in the conveying of this material of high density did 
not permit the obtaining of enough accurate data to completely substan-
tiate this proposal. No effects of particles size and shape oould be 
determined in the correlation, which indicates that, at least for values 
of the ratio of particle size to pipe diameter usually encountered in 
conveying, these variables are of little importance. 
The minimum flow of air necessary to convey solid material at a 
given feed rate has been determined for the materials of the study. The 
data have been expressed as a relationship between the modified friction 
factor and the modified Reynolds' number and thus the conditions at 
which the solids would tend to settle out of the air stream have been 
defined e 
Resistance studies were made on the flow of cottonseed in an 
artificially roughened pipe© The data demonstrate the extreme depen-
dence of the resultant pressure drop on the degree of roughness of the 
pipe, for, with only a slight degree of roughness introduced by the con-
veying of abrasive materials, the resultant pressure drop with a given 
flow of solids and air is greatly increased by the roughness of the pipe. 
In addition to the increase in pressure drop noted the slope of the 
ourves of pressure drop versus air flow rates with parameter feed rate 
was decreased greatly. 
The true velocities of the solids have been measured by means of 
a technique utilizing the high speed motion picture oamera. Data are 
presented at a number of different air and solid rates in the oonveying 
of Tenite. The velocities thus determined demonstrate that the relative 
velocity between the air and the solid is constant for a given solid 
feed rate and that an increase in the loading of the air stream causes 
an increase in the relative velocity. 
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INTRODUCTION 
Industrial Importance 
Pneumatic conveying, the process of moving solid materials through 
pipes by means of air, has been in use for years, particularly in Europe 
where it has been found to be an excellent means to unload grain from 
ships* Its use in this oountry in the past has not been too widespread, 
partially because of our economic history* The United States has never 
been a large importer of grain and as a result the need for rapid unload-
ing of granular materials did not lend impetus to the use of the technique 
here* However, there has been a gradual growth here in this use, parti** 
oularly in the grain industry* Since the development of the technique 
of fluidiced oatalytio cracking during World War II, much greater interest 
has been shown in it by chemical engineers* 
Basically, pneumatic conveying is not the oheapest method of trans-
porting material from one point to another* The cost of power alone is 
considerably higher than in usual methods of moving materials such as 
belt or bucket conveyors and like procedures* However, when the materials 
to be moved are expensive, or are likely to be hazardous to workers, pneu-
matic conveying is frequently the best solution* In addition, a properly 
designed pneumatic conveying system requires little attention and there-
fore the high proportion of operating expenses attributable to labor has 
plaoed pneumatic conveying in a more favorable position. 
2 
An interesting case where pneumatic conveying has been used is 
in the construction of Boulder Dam. There a Fuller Company ^luxo" pres-
sure system was used to transport dry cement about one mile in a single 
stage at rates up to seventy-six tons per hour* This example gives an 
idea of the possibilities of the procedure with regard to size of the 
installation, although in fact some installations run at much higher 
rates* 
In the future, as fluidized techniques grow and as the use of pneu-
matic transportation to move materials from one point to another beoomes 
more widespread the ohemioal engineer will find himself more intimately 
concerned with the design of equipment to oarry out the desired process* 
As a result a program of study to relate the principles of oonveying to 
the existing techniques in fluid flow is felt to be needed* 
Most of the work done in the field of pneumatic transportation 
up to the last five years has been done in England and Germany, although 
the quantity of relevant published data is quite small* There have been 
a large number of papers published describing particular installations 
in a qualitative manner whioh, while informative, have not served to 
establish any basio relationships suitable for design calculations on 
proposed systems* 
Review of Literature 
Of the papers published prior to 191+0 only those of Cramp (2), 
Gasterstadt (6) and Wood and Bailey (12) have been comprehensive in 
their treatment* 
Cramp (2) investigated the friction effects on wheat in a vertical 
3 
pipe and discussed thoroughly the fundamentals of the flow. Of parti-
cular importance is his sunmary of the force terms which must be consi-
dered when dealing with the momentum transfer between the air and the 
solid* According to Cramp these terms ares 
1. The differential pressure on the two ends of the column of 
air multiplied by the area of the pipe* 
2. The friction between the pipe and the material being conveyed* 
3* In vertical pipes, the force required to support the column 
of material* 
U* The friction of the air on the pipe* 
5* The foroe required to support and aocelerate the air* 
6* The foroe required to accelerate the material* 
It is further demonstrated how these various foroe terms may be 
calculated and applied to a problem in conveyor design* 
Cramp (2) also describes an experimental prooedure whereby the 
horizontal conveying velocity may be determined* An equation involving 
an arbitrary constant for a particular material is proposed* In the 
description of the prooedure for determination of this constant he 
recommends a three foot long duct on the positive side of a blower. 
material to be introduced at the blower end of the duct. From measure-
ments of the distanoe the material is blown from the open end. the velo-
city may be calculated* (it is the author's finding that the three foot 
duct rooommended by Cramp is not long enough for the material to reach 
an equilibrium velooity with relation to the velocity of the air stream*) 
Gasterstadt (6), in tests on wheat, concluded that a simple relation-
k 
ship might bo possible to relate the pressure drop for a single phase to 
the pressure drop when more than one phase is flowing* He defined a 
dimension].ess factor a as the ratio of mixture pressure drop to air 
pressure drop for air at the same velocity and proposed that a linear 
relationship existed between a and the specifio loading* (Specific 
loading may be defined as the ratio of the solid rate of flow to gas 
rate of flow and is denoted by the letter R.) 
Segler is reported by Vogt and White (11) to have verified the 
findings of Gasterstadt in the conveying of wheat by air. 
Wood and Bailey (12) present a very detailed study of a system 
utilizing an injector as the motive agent* Their primary purpose was 
the determination of the optimum position for the injector* however, 
they cover the basio principles in the flow of solid-air mixtures very 
well. Unfortunately their pressure drop measurements included the pres-
sure differential across the injector, which makes it difficult to com-
pare the results of their study with the present one in more than a 
qualitative manner* Among the conclusions they present ares 
1© The optimum position for an injector in a conveying line is 
in the middle of the line* 
2* The use of a conical diffusor at the outlet of a conveyor 
system improves the performance of the conveyor by the conversion of 
kinetic energy to pressure energy by the reduction of the velocity* (The 
writer doubts that the diffusor used by Wood and Bailey deoreased the 
velocity of the moving solid to any great degree and believes that the 
major improvement oocurred by the decrease in velocity of the air*) 
3© The path of a particle in the pipe appears to be a series of 
leaps for, as the particle is picked up by the air and given motion down 
the pipe, gravitation causes it to fall back to the bottom of the pipe* 
This is usually referred to as nsaltation* • 
It -was also noted during the present study that the particles 
tend to strike the top of the pipe, particularly when their concentration 
is low* The motion seems to be of random nature, especially when the air 
velocity is increased at a given solid feed rate* 
Davis (3) proposed a formula for the minimum velocity required to 
piok up a particle from the bottom of a pipe which is 
• v 
7 V(PS - Pa) 2g r b CD 
p g A 
where l/k is the ratio of the volume of the partiole to its cross-
sectional area, g is the gravitational acceleration constant and p„ and 
p are the densities of the gas and particle, respectively* However, 
S; 
since this minimum velocity is that in the immediate vicinity of the 
partiole, it is quite difficult to measure* Furthermore, Davis's equation 
fails to take into account the influence of neighboring particles, which 
undoubtedly have considerable effeoto 
Vogt and Unite (11), following the ideas of Gesterstadt (6), pro-
pose the use of a dimension!ess term which is the relative pressure 
previously defined* They found their data to be correlated by the fol-
lowing relationships 
k2 
a - 1 -• * (?) fc • fe) 
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•where D and d are the diameters of the pipe and particles, respectively, 
R s ws/r- , the ratio of the weight of particles to the weight of gas 
used to convey them, Re is Reynold's number and, except for A and k, 
the other quantities are as previously defined. The values of A and k 
are expressed as empirical functions of the dimensionless group 
/(1/3)(PS - Pg)pgd
3/H 
which is the product of the Reynolds number and the drag coefficient of 
a spherical particle under free settling conditions. However, Vogt and 
White did not find a linear relation between a and specific loading as 
was the case with Gasterstadt's data* The report of these investigators 
discusses at length the theory of pneumatic conveying and the factors 
influencing the flow of two phase systems of solids and gases* Their 
experimental work was limited to the flow of materials in a loop construct-
ed of one-half inch pipe. The horizontal section was situated at a point 
nine feet from a large radius bend and there is some question as to 
whether the flow had reached equilibrium before the test section was 
reached. Vogt and "White state in their discussion that a distance of 
nine feet from the feed point was not a sufficient length to reach equili~ 
brium under all conditions studied© No data are presented confirming this 
fact and it is not known to what extent the data they report are affeoted 
by non-equilibrium conditions* 
Belden and Kassel (l) state that Vogt and V/hite placed an apparent-
ly inoorrect dependence on the ratio of pipe diameter to particle diameter. 
In their study on the movement of cracking catalyst in a vertical pipe, 
7 
they propose a separation of the friction and static terns of the pres-
sure drop* A correlation of the friction pressure drop in a generalised 
Fanning formula is proposed and used in the equation 
dp 2f(G„ + GM) u 
where the G's represent the mass velocities of the gas and solids as 
identified by subscripts© Unfortunately, Belden and KasselTs results 
are open to question because of their correction of acceleration losses 
on -what they oall a "somewhat speculative basis©" Also their statement 
that the correction is small has been found in the present study to be 
incorrecto 
Farber (5) has investigated the flow characteristics of a mixture 
of fine particles in a combined horizontal and vertical system© Several 
types of nozzles for feeding solids were investigated and quantitative 
information was presented on the type of nozzle yielding the most uniform 
type of mixing© Unfortunately, Farber does not include a diagram of the 
nozzle and it is difficult to discern in the reproduction© He also pre-
sents qualitative observations on the flow pattern for mixtures of various 
sized particles• 
Hariu and Molstad (7) present a treatment covering the transport 
of solids through vertica^ lines© Direct measurements of the density of 
the dispersed solids were made, permitting the oaloulation of the average 
particle velocity© From their measurements the average particle velocity 
is approximately 50 % of the gas velocity; however, a figure somewhat 
higher may be obtained if the material reaches full equilibrium with the 
8 
ai re 
Lapple (9) proposed the use of a modified form of the Fanning 
equation such that 
"-fefj'—M • 
where f is the Fanning friction faotor, L is the length of pipe, D is 
the pipe diameter, pa and pg are the densities of the air and solid, 
respectively, and R is the speoifio loading, the ratio of the weight 
of solid to the weight of air in a given time* He states that the 
pressure drops predicted on this basis will be somewhat lower than the 
actual drop encountered in the system* The friction factors are deter-
mined from the charts of f vs» Re, using the Reynolds number calculated 
according to the following! 
Re - 5Jk (1 + R) . {$) 
K 
Ob j eotives of Present Investigation 
It is evident from the foregoing that the amount of work that 
has been done with regard to pnewiatio conveying is limited* Further-
more, it is clear that there is no general agreement as to the form of 
equation which is sufficiently general to show precisely how the 
variables involved in the problem should be correlated* It is the 
object of this thesis to reexamine the general problem of pneumatic 
flow and derive a relationship which better expresses the law of pneu-
matic conveying© At the same time, the projected scope of study includes 
considerations which would lead to simplifications and to obtain formulas 
9 
of practical utility. 
It was early recognized that the great lumber of variables in-
volved oould not be separated or studied groupwise in the time allotted 
for the investigation* Consequently, the scope of the research here 
described was limited to the following considerations! 
(a) The effective length of pipe to achieve acceleration* 
(b) The effect of the roughness of the pipe on the pressure 
drop* 
(o) The effect of size and shape of particles of like density 
on the pressure drop* 
(d) The effect of the rate of feeding of solids and the rate of 
air flow on the pressure dropo 
(e) The determination of the relative velocity of the air to 
that of the solids in oonveyingo 
(f) The minimum air velocities to convey material fed at a 
given rate* 
10 
EQUIPMENT AND MATERIALS 
Description of Equipment 
The essential features of the conveying system used in this study 
are indicated on Figure 1« 
The feeder was a screw type consisting of a feed hopper. helical 
screw and driving meohanism* The rate of feed was controlled by adjust-
ment of a Master Speed Ranger used as the main drive* The solid material 
fed by the feeder dropped through a vertical pipe into the inlet nozzle 
of the conveyor line* 
The inlet nozzle of the conveyor line consisted of a truncated 
cone ending in a cylindrical section, which fit into the end of the 
conveyor line* The solid material entered the nozzle through a hole out 
in the cylindrical section next to the junction of the oonioal sectiono 
The nozzle served the purpose of decreasing the entrance loss and of 
facilitating the initial acceleration of the solid material* 
The conveyor line was a length of three-inch standard pipe, 
selected for straightness, terminating in a glass section© The glass 
section was flange connected to the steel pipe to facilitate alignment 
of the sections* 
Separation of the solids from the air was accomplished in a 
oentrifugal separatoro Due to the size range of the particles studied 
it was unnecessary to use a cyclone separator with the resultant high 
pressure loss* The efficiency of the separator on the materials studied 
was very good* However, the hard materials used to roughen the conveying 
A and D Vernier Manometers 
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Closure 
To Blowers 
Figure ! • Schematic Diagram of Experimental Apparatus* 
12 
line in a later part of the investigation exhibited a tendency to break 
down in the line into fine particles which the separator could not remove 
from the air. 
The blowers used were Buffalo Forge Company Itype 2~EE with 
eighteen inch impellers. They were connected in series to furnish a 
sufficient vacuum to operate the system (see discussion in the section, 
"Experimental Procedure" )o Flow of air was regulated by means of a gate 
valve situated on the low pressure side of the blower system. 
Instrumentation 
The flow rate of the air was measured ty use of a standard 
orifice calibrated in accordance with the specifications of Stearns, 
Jackson, Johnson and Larson (10)o Orifice coefficients as developed by 
these investigators were used* The air was metered in the line between 
the blower and the separator as the orifice coefficients would not apply 
in the presence of a solid phase with the air* Calming sections in 
accordance with the specifications of Stearns, et al«, were provided in 
the orifice installation* 
Pressure taps were installed as is noted in Figure 1, the last 
tap being situated one foot ahead of the glass seotiono In conjunction 
with this tap a pitot tube was installed* 
Differential pressures across the orifice, pitot-statio and test 
section were measured by means of micro-nanometers constructed from 
machinist height gauges* These gauges enabled readings of 0*001 inches 
of manometer fluid* However, during conveying runs such accuracy was 
not possible due to slight pulsations encountered, and the last decimal 
13 
place -was not used in making calculations* Statio pressures were measured 
by simple U«-tube manometers• In all manometers the fluid used was distil-
led water, in which a small amount of dye was dissolved* 
Materials Used in the Investigation 
The materials used in this study were chosen primarily for their 
size and shape characteristics• The physical data on the materials is 
listed in Table I. 
The Tenite material was in the form of a roughly cubical shape 
intermixed witii some irregular partioles. During some preliminary runs 
the material was degraded to a certain degree, which tended to round 
off the corners and split some of the cubes into approximate halves and 
quarterso This degradation resulted in a sufficient amount of fine 
material to justify the screening of the entire lot* As may be noted 
in Table I, the material used in the final runs is 6*7o5̂  V weight of 
size greater than 0.0661 and the maximum dimension of any particle is 
0*120 inches © This last was determined by micrometer measurement of a 
number of the particles retained on the largest screen. 
The fine material screened from the bulk of the Tenite was ana-
lyzed as noted in Table I and later used to determine a few check points* 
The soybeans used were in the oondition as received from the sup-
plier with the exception that a small amount of foreign material suoh as 
stems and leaves were removed by soreening* The characteristics of the 
material were as given in Table I* The size determined by the direct 
measurement of a large number of beans with a miorometer* These beans 
had a typical bean shape similar to ordinary navy beans with the same sort 
TABLE I. 
Characteristics of Materials Studied 
TENITE (COARSE) 
Specific gravity 1*13 
Particle density 70,5 lb©/cu. ft. 
Bulk density U5»3 lb./ou. ft, 
Percent voids 35*7 
Approximate angle of slide 28° 
Approximate angle of stop 20° 
Sieve Analysis 
Retained on Wo. 8 (0.0939 in©) 5U©3 % 
Retained on No. 12 (0.0661 in.) 33.2 % 
Retained on No. 16 (O.OI469 in.) 8.5 % 
Retained on No. 18 (0.039U in.) 2.0 % 
Less than (0.039&* in.) 1.9 % 
Maximim size of any particle 0.120 in. 
SOYBEANS 
Specific gravity 1.17 
Particle density 73.0 l b . / o u . f t . 
Bulk density Itf.2 lb . / ou . f t . 
Percent voids 3h*h 
Approximate angle of s l ide 25° 
Approximate angle of stop 13° 
Size: Length 0.299 in . 
Width 0.261 in . 
Thioknese .220 in . 
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1*0 (Determined by flotation) 
62*3 Ib./ou. ft, 
32,2 lb./cu* ft, 
U8.3 
Approximate angle of slide 
Approximate angle of stop 







Speoif io g r a v i t y 1.15 
P a r t i o l e d e n s i t y 70*5 l b * / o u . f t . 
Bulk d e n s i t y I4I0I l b * / o u . f t . 
Pe rcen t vo ids 1*1.8 
Approximate angle of s l i d e 3 1 o 
Approximate ang le of s t o p 21° 
Sieve a n a l y s i s 
Retained on No* 10 (0.0787 in* ) 2 .2 % 
Retained on No* 12 (0.0661 in*) 7.U % 
Retained on No* 16 (O.OI469 i n . ) 28 .7 % 
Retained on No* 20 (0.0331 i n . ) 26.1* % 
Retained on No* lj.0 (O.OI65 i n . ) 25 .3 % 
Retained on No* 50 (0.0117 i n . ) 5 . 9 ^ 
Retained on No* 60 (0.0098 i n . ) 1.8 % 
Retained on No* 80 (0o0070 i n . ) l.h% 
Retained on No .120 (O.OOi+9 i n . ) 0.5 % 
Less t h a n (0.00U9 i n . ) 0 .5 % 
ALUNDTM 
Spec i f i c g r a v i t y 1.82 
P a r t i o l e dens i ty 113.3 lhc ./cu* f t * 
P o r o s i t y & - h5 % 
Size (Diameter) 0.3293 i n . 
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of smooth surface. The breakage of the beans in transportation was not 
measured quantitatively, but observations indicated that the total num-
ber of beans broken during all runs was no mora than 10 to 15 % of the 
total. No effect could be noted as a result of the breakage. 
The cottonseed, as reoeived from the supplier, had mixed with it 
a fairly large amount of loose cotton linters. The seeds were a process 
grade used as a source of cottonseed oil and had been run through the 
delinting machinery at the mill* The loose linters were a result of 
the inefficiency of the process for separating removed linters from the 
seeds. Considerable effort was expended to remove these loose linters 
from the bulk of the seed, for it was noted in trial runs that the 
linters tended to clump together in the separator, causing large fluc-
tuation in the flow on subsequent runs. Various methods for the removal 
of these loose linters were attempted, with the final conclusion that 
screening with a mesh just too fine to pass the seeds was most satis-
factory. Although the process was rather time consuming it was found 
that the removal of the majority of this lint contributed very much to 
steadying the flow of the seeds in the conveyor. 
In addition to the loose cotton linters mentioned above, the 
seed had attached to the ends a large amount of linter of fiber length 
between 1/16 and l/8 inch whioh could not be removed by any practical 
method in keeping with the subsequent use of the seed. The removal is 
possible by use of a strong caustic solution} however, this leaves the 
seed in an undesirable state for oonveying studies. 
The measured properties of the oo-frbonseed are given in Table IIo 
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Lake soybeans, the size was determined by micrometer measurement of a 
large number of seeds* However, only two axes were measured on eaoh 
partiole* due to the shape* The seeds are very close to the classical 
tear-drop shape when they are cleaned of all linters, but with linters 
attached they roughly resemble cylinders with a length/diameter ratio 
of about two* The skin of the seed is moderately smooth, though slight-
ly irregularly wrinkled. 
The reported angles of slide for the three materials were deter-
mined experimentally* A flat metal plate twenty inches long was rested 
on a flat surface* A small quantity of material was placed near one 
end of the plate and that end was raised until the material just began 
to slide* The end was then lowered until the sliding oeasede Both 
angles were measured and the average of five determinations is reported. 
The alundura spheres for which some data are reported were relative-
ly uniform in size* Their surface was porous and rather gritty, which 
undoubtedly contributed to their behaviour in conveying* The physical 
properties are as given in Table I* The diameters of a large number of 
particles were obtained by direct measurement and the average weight 
per partiole determined by weighing in groups of five* Prom these 
measurements the partiole density and specific gravity were determined* 
The effective particle density of the oottonseed was impossible 
to obtain by the pyonometer technique, which was used for the soybeans 
and Tenite* The linters attached to the ends of the seed caused the 
effective density to be lower than the actual partiole density* There-
fore the flotation technique was tried and it was discovered that the 
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seeds oould be inmersed long enough for a determination before the mass 
of linters beoame saturated with the test liquid* It "was found that the 
majority of seeds just tended to float in distilled water until the 
linter mass was saturated and the seeds sank* It was deduced from this 
that the effective density was very close to that of water and thus the 




Prior to the operation of the equipment to obtain data for the 
study, a number of runs were made to determine the characteristics of 
the feeder mechanism. It was initially felt that a calibration curve of 
feed rate versus speed regulator setting would be the best procedure to 
determine the correct value of the feed rate for use in evaluating the 
data* In addition, since the head of material in the feed hopper was 
continuously decreasing as a run progressed, it was felt that the feed 
rate might vary with time. However, measurements of the feed rate 
proved that as long as the level of the material did not drop below the 
upper rectangular section of the feeder the feed rate remained uniform* 
This gave a constant feed time of about five minutes at the maximum 
speed of the screw at that time* A typical curve illustrating this 
point is presented in Appendix I* 
During the calibration of the feeder the conveyor system was 
operated to allow the pipe to attain an equilibrium state of roughness 
for the materials to be used* The pipe was substantially unaffected 
by this procedure, indicating that the materials used had no appreciable 
effect on the roughness* It was noted, however, that there was a slight 
deposit of Tenite on the walls but that did not seem to interfere with 
the flow. 
Due to an erroneous assumption (based on the literature) of the 
distance required to accelerate the material, the feed point was placed 
approximately twenty pipe diameters from the first pressure tap* The 
test section was then calibrated with air and a series of runs were made 
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on Tenite at various loadings. During this stage of the operations the 
air was metered by measuring the pressure differential aoross a section 
of the line leading from the separator to the blower. This meter section 
was oalibrated against the orifice previously described, which, with a 
single blower in the system, produoed too great a permanent loss for use 
when oonveying solid material. 
After the first series of runs were completed it was noted that 
the original assumption of equilibrium might be in error and measurements 
of the pressure gradient from a number of points to the final test section 
pressure tap supported this view* The pipe was then lengthened to allow 
fifty diameters ahead of the test section and further measurements of 
the pressure gradient were made. These indicated that equilibrium had 
still not been attained and a long section of pipe was installed. The 
final length allowed for attaiiment of equilibrium was one hundred and 
thirty diameters, and measurements at five foot intervals indicated that 
equilibrium was attained in a distance of about one hundred diameters. 
Further results of the equilibrium study are presented in the discussion, 
At the same time that the long section of pipe was installed 
another blower was connected in series with the original to supply the 
increased suction required by the longer oonveying line. The increased 
vaouum obtainable with the second blower made it possible to operate, 
using the orifice to meter the air. The maximum feed rate of the feeder 
was increased by varying the pulley ratio. 
The system was again oalibrated with air alone and another series 
of runs were made. After this series the calibration was checked and 
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found to be different from the original check. Investigation disclosed 
that the increase in vacuim of the system had caused a leak to develop 
in the separator. The entire system "was then reohecked for leaks and 
all possible points of leakage sealed with appropriate sealing agents. 
At this time the feeder was reohecked and the faot that the feed 
rate was constant for a given air rate through the system for as long 
as two minutes at high feed rates was substantiated, even though the 
material level had dropped below the rectangular section of the hopper. 
This faot made possible higher rates of operation than formerly with 
less material. It had also been observed in previous runs that the flow 
became steady in less than ten seconds and it therefore became possible 
to make runs almost as rapidly as all the instruments could be adjusted 
and read. 
The final series of runs were then made on Tenite, soybeans and 
cottonseed. During this set of runs the use of the pitot tube was dis-
continued due to its tendency to become clogged and knocked about by 
the impact of the particles. (Wood and Bailey (12) report this dif-
ficulty in their work; however, Gasterstadt in a critique of their paper 
reports that he had no difficulty with the use of a pitot tube in his 
worko) Periodically, the pressure drop for air alone in the test section 
was checked against the original calibration and was found to be unchanged. 
Data for this series of runs have been tabulated in Table V of Appendix II. 
In order to determine the effect of material of higher density 
and to roughen the pipe for the studies on pipe roughness, a quantity of 
cinders and crushed granite was procured. After separating the material 
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into the sizes -which could best be handled by the feeder and separator, 
a series of runs were made using these materials. A check of the air 
calibration curve showed consistently higher pressure drops than had 
been previously encountered. The measurements obtained during these 
runs were inconsistent due to the changing condition of the pipe and 
therefore are not included in the tabulated data. 
A set of runs were then made, using cottonseed as the material, 
to show the effect of roughness on the pressure drops encountered in 
conveying. 
Finally, to determine the characteristics of a material of higher 
density a set of runs were made using alundun spheres. Due to the high-
ly abrasive qualities of this material the glass section was not used, 
but flow observations were made from the inlet point. 
Photographic studies were made utilizing a high speed motion 
picture camera. A motion picture was made on each of four loadings of 
Tenite and air. These pictures were examined in a viewer and the 
particle velocities were computed from the film speed calibration. 
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DISCUSSION OF RESULTS 
The results of this investigation include data on the behavior 
of the flow of solids having a specific gravity of approximately 1*0* 
As shown in the preoeding chapter, the material included a number of 
different sizes and shapes. By a procedure discussed below, it has been 
possible to obtain a simple relation, which adequately desoribes the law 
of pneunatic conveying. "While the work was done with a three-inch dia-
meter pipe, the results are nevertheless of some generality and should 
apply to any diameter of pipe having a similar degree of roughness. 
When solid materials are introduced into a moving stream of air, 
the drag of the air on the particles imposes unbalanced forces on the 
particles, causing them to be accelerated* Due to the high degree of 
turbulence set up by the particles the resultant partiole motion is 
randomly distributed in the general direotion of the mass flow of air. 
At this point of entry of the solids the slip (the relative velocity of 
the air with respect to the particles) is at its maximum value* As the 
particles are accelerated, the slip gradually approaches an equilibrium 
value until the average force aoting on a particle just balances the 
frictional force resisting motion* At this point, the flow assumes a 
steady state and the pressure drop in the line is a measure of the energy 
losses due to friction between the pipe and the air-solid mixture. Of 
course, as the air continues to expand there is a corresponding increase 
in air velocity and a resulting tendency to accelerate the particles* 
However, to partially offset this condition, the density of a gas 
decreases as it undergoes expansion and the resultant drag would tend 
2U 
to decrease. 
Wood and Bailey (12) found in their tests on linseed that the 
pressure gradient is steepest at the solids inlet and gradually decreases 
to a steady value at a distance of thirty to forty pipe diameters from 
the solids inlet* From this, the inference has been drawn that the dis-
tance required for a given material to reach equilibriun is a constant 
and is independent of loading. The data of this study indicate that 
the distance required to complete the momentum transfer increases with 
loading as is shown on Figure 2. However, the equilibrium distance is 
more a function of solid introduction technique than of loading, for, 
if the particles are given a high initial velocity, they would tend to 
reach equilibrium more rapidly* 
Necessary Pipe Length for Equilibrium Velooities 
It was found early in this investigation that the accepted 
entrance length - that is, the length of duct preceding the test section -
had to be much more than the accepted thirty to forty diameters usually 
considered as sufficient to assure homogeneous distribution of the sus-
pended particleSo 
To determine the effect of entrance length on the pressure drop, 
pressure readings were made at various points following the point at 
which the material was introduced* The results are shown in Figure 2 
for a light and heavy loading of Tenite* It is clear from these ourves 
that the lighter loading (19 lb*/min») begins to show a linear trend in 
I am indebted to Prof* H* C* Lewis for the suggestion to inves-
tigate this aspect of the general problem. 
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pressure drop at about sixty pipe diameters from the entrance* The high-
er loading (53«8 lb./nin.) requires about one hundred pipe diameters to 
achieve the expected linear drop. It is to be noted that the pressure 
gradient is initially quite steep and, had runs been made within the 
region of velocity instability, the results would have been seriously 
affected and would have failed to give an accurate picture of the flow 
in the horizontal section under investigation. Undoubtedly, the analyses 
of earlier investigators, notably Vogt and White (11), are in error 
because of neglect in supplying an adequate entrance seotion preceding 
the section under investigation. The widespread discrepancies in reported 
results can also be in part attributed to failure to appreciate the need 
for testing the pipe sections of sufficient length to assure uniform 
motion of all the particles. 
1 
Coincidental with the results here reported on the length of 
entrance section required, it was also established that when the par-
ticles achieved a uniform velocity the pressure drop along the test 
section was linear* It was this fact which permitted us to make the form 
of analysis of resistance to motion discussed in a subsequent section of 
this chapter. 
Ren Isi "ce Studies 
After the establishment of the fact that an entrance length of 
more than one hundred pipe diameters is sufficient to accelerate particles 
of specifio gravity 1.0 to a uniform velocity, the investigation of the 
pressure drop under different conditions in the test section was under-
taken. The data obtained with regard to the several materials investi-
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gated in relation to rate of feed and air volume are included in 
Appendix IIo A portion of these data are shown plotted in Figures 3> 
I4., and 5* These figures indicate that over the range of velooities and 
feeds investigated, the pressure drop and air flow plot is a straight 
line on log-log grid. For each material the curves for different feed 
rates are virtually parallel to each other, the intercepts being arith-
metically distributed, that is, doubling the feed doubles the pressure 
drop* 
It is necessary to point out that there are situations where the 
volume of particles per unit volume of air is the same, since the curves 
shown in Figures 3 to 5 cover a fairly wide range of air volumes* How-
ever, this fact in no way leads to identical pressure drops in such 
instances, since the velocities of flow are not the same* 
The nature of the pressure drops shown in Figures 3 to 5 are 
similar to those obtained in hydraulic dredge work as reported by Dent (1+) 
and more recently by Howard (8). It is curious that investigators of 
pneumatic oonveying problems have not availed themselves of the vast 
amount of information on hand with regard to the laws of hydraulic oon-
veying. Thus, Howard gives the formula for the head drop, hf , in a 
four inch dredge line conveying sand as 
hf s i C v» , (6) 
where C is the concentration of solids, v is the velocity of the fluid, 
and K is a oonstanto Our results indicate a similar form of relation-
ship, as is readily interpreted from an inspection of the curves refer-
red to. 
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Mini .van Conveying Velooities 
Before undertaking the analyses of the results of pressure drop, 
it is well to examine the nature of the conveying phenomenon itself* It 
is olear that for every feed there is a minimum air velocity at which 
the conveying takes place. However, before this point is reached, the 
material begins to behave peculiarly, moving as if it were in a sort of 
"slugging" motion* The aotual velocity at which no material flows can-
not be determined since "slugging" interferes. For our purposes it was 
necessary to establish seme procedure for determining just when there 
was a departure from true conveying, and motion oonsisted actually of 
a bed motion due to settled particles and subsequent slugging* The 
mechanism of slugging is as followsi when a buildup of material occurs, 
the cross-sectional area of the pipe is decreased, resulting in an 
increased air velocity with continued conveying* However, if the rate 
of increase of the pile of material is greater than the rate at which it 
can be carried away, the difference is deposited along the bottom of the 
pipe, eventually for the entire length* Finally the oonstriotion at 
the throat outs off all air and the flow virtually oeases, practically 
the entire pipe being full of solid material. If the air velooity is 
then increased the pipe will gradually be cleaned out (so long as the 
material does not agglomerate)* The material is removed first at the 
entrance to the pipe, rising into the moving stream from an escarpment 
which travels down the pipe* This phenomenon was deduced by Davis (3) 
to be an explanation for the mechanism by which the solid particles are 
picked up by the air. He proposed that the unbalanced thrust tending 
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to lift the grain into the stream was due to the velocity head of the 
impinging gas* 
In this work it was chosen to define the initiation of the clog-
ging condition as that point at which slugging flow was observed in the 
glass observation section* The curves of Ap versus air rate show a 
oertain tendency in the points through which they are drawn* They 
present a suggestion of a break in the middle position indicating that 
a different type of flow might take over when slugging begins establish-
ing a new pressure drop-air rate curve* It is observed that when slug-
ging becomes visually apparent the flow becomes discontinuous to a 
marked degree* This phenomenon has not been discussed in the literature; 
however, it has been observed in connection with work on fluidized oatal-
ysts* The present thought on the matter is that as material buildup 
occurs the resultant increase in air velocity causes a slug of material 
to be carried off* Parbar (5) reports in clearing a line full of fine 
catalyst, that the line cleared easily, the whole mass moving as a plug 
of fluidized material* "Whether these phenomena indicate a ohange in the 
type of flow remains for further investigation to prove* Unfortunately 
it was not possible with the equipment available to explore this region* 
If data were available it is believed that the intersection of the resis-
tance curve in slugging regime would establish a critical point which 
might be called the settling velocity point, 
Based on the observation of slugging in the glass section mentioned 
above, the settling velocities have been calculated and tabulated in 
Table II* The values of minimum velocity are considerably higher than 
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those calculated from Davis' (3) formula for the minimum velocity to 
pick up a particle from the bottom of the pipe. Wood and Bailey (12) 
report the same discrepancy, as has been previously discussed. 
TABLE II. 
Calculated Minimum Conveying Velocities 
Material Peed Rate, Air Kate, Air Rate, Air Velocity, 












*based on air density of 0.072 lb./ ou. ft. and pipe area of 


































Correlation of Observed Data 
The curves shown in Figures 3 to 5 consist of a family of straight 
lines* each of which may be represented by an equation of the form 
£ - kV1 
L a 
(7) 
where h/h represents the pressure drop per unit length of pipe, W the 
weight of air moved per unit time and k and n are constants. For the 
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particular three inch pipe used, the slopes of the lines are substan-
tially the same except at very low feed rates and hence, n is constant. 
Later, it will be shown that the roughness of the pipe materially affects 
the value of n* In other words, the effect of wall roughness is even 
more appreciable when material is conveyed as when air alone is moved* 
This effect had not been suspected and is perhaps a further contributing 
factor to the differences existing among the data of earlier investiga-
tors in the field of pneumatic conveying. 
It was found that the constant k is a function of the solids per 
unit time, Ws , and that k could be represented by an equation of the 
form 
k = ft + bWg , (8) 
where a and b are constants* Thus the pressure drop is seen to be com-
posed of two parts, the first representing the resistance of the pipe 
without material flowing, and the second part the resistance caused by the 
flow of the material itselft 
- = » < + ^ 8 < • (9) 
L 
It was found for soybeans that the pressure drop, expressed in inches 
of water gauge per hundred feet of pipe, is given approximately by the 
equation 
h^QQ = 0o079Wa
1#6 + 0.0011 Wg Wft
1#6 , (10) 
where Wfl is the rate of solid feed and W & is the rate of air flow both 
expressed in pounds per minute* Note that the second part of equation 
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(10) corresponds -with the expression developed by Howard (8) for move-
ment of sand in a four inch dredge line. Howard found that the value of 
n varied greatly with the amount of solids* This variation -was not found 
to be as serious in the case of pneumatic conveying as long as the material 
was moving faster than the critical slugging velocity discussed earlier* 
In dredge work, as Howard has shown, the bulk of the solids actually flow 
along the bottom of the dredge line, so that a value of n dependent upon 
the amount present is self evident* It should be noted that, over the 
range studied here, the value of n did vary slightly and an average value 
has been used in equation (10)• Also the effect of the presence of par-
ticles on n prevents the equation from being used for the condition when 
no solid material is flowing* The maximum deviation of values of pres-
sure drop predicted from (10) has been found by trial to be less than 
ten peroent* 
The form of equation (9) should be quite satisfactory for describ-
ing the law of pneumatic conveying* However, as has been noted, this 
work revealed that the curves of Figures 3 to 5 are not preoisely parallel 
to each other and that n varies somewhat* It was felt that a more general 
relation could be obtained from our data which would cover a greater 
variety of conditions than could be represented by an equation of the 
form of (9)» Since it was early established that the pressure drop in 
the region of stable flow was essentially linear, it seemed advantageous 
to use the Fanning friction factor versus Reynolds number relation as 
employed in pipe f riotion work. Thus starting with the Fanning relation 
f = I T * &i) 
"a L 
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where g0 is the dimensional constant, D is the pipe diameter, h the 
head loos in length L and u the air velocity, the value of h "was modi-
a 
fied so as to include the effect of the solids present* This was done 
as followst Let W and W represent the weight of air and solids, res-
pectively* Then is the volume of the solids as compared with that of 
the air flowing is negleoted, there results a reasonably close approxi-
mation to the modified Fanning factor, 
f * %* _ ! _ « ! ^ i as) 
m ufL 1 + R u|L , 
where R * W s ^ a awi m̂ is ^i^811 for *hB ratio h/(l + R ) . 
It is possible to make the same modification in connection with 
Reynolds' number and obtain 
(Re) = °«%(1 + R) ^ P m (13) 
m p jx 
where p is the density of the air and p is the mixture density based 
on the feed rate. No correction is required for jx since the assump-
tion that the volume of the solids is negligible as compared with the 
volune of air has been made. 
Equations (12) and (13) were developed and used by the author 
before he bacame aware of the fact that Lapple (9) had proposed such a 
relation as being a feasible one. If now one proceeds in accordance 
with usual practice and plots (12) versus (13), some sort of a functional 
relationship should be obtained. This was done with the data with re-
sults as shown in Figure 6. These results were at first disappointing 
since, as may be seen, the data do not lie on a single continuous curve, 
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but distribute themselves by run in a series of more or less parallel 
lines and distribute themselves over a fairly wide band. Thus, the 
form of relations suspected as being the correct one by the author and 
Lapple (9) appears to fail* 
However, it was not difficult to determine the reason for this 
failure and to modify the relation in a form which compensated for the 
effect described* As mentioned earlier, although the loading for a 
single run is kept constant, the varying air rate caused a change in 
the concentration of the solids* The data show that for a single run 
the modified Fanning faotor remains relatively unchanged for a wide 
range of Reynolds' numbers* Some faotor must, therefore, be introduced 
wMoh sensibly affects the change in concentration during a run and thus 
(a) reduces the modified Reynolds1 number to a single value, or (b), 
shifts the points constituting the separate runs so that they conform 
to some average curve drawn through the distribution of Reynolds' num-
bers* The latter seemed to be the simplest procedure, since any modi-
fication of Reynolds1 number would cause it to lose its identity* 
Accordingly, the modified Panning faotor (12) was multiplied by a oor-
0 2% 
reotion faotor (p^/pg) * p where p5 is the density of the solid* The 
exponent was obtained by trial and error until the points of eaoh run 
rotated to form a single continuous curve* The data correlated by 
plotting 
2go D hm - , >,0.25 Dupn 
2 (Pm/Ps) versus —2IL 
^a L u 
are shown in Figure 7© The correlation is seen to be quite good* 
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It needs to be pointed out that in the limit f̂ /f̂  should approach 
unityo That is, when no solids are flowing, the friction measured 
should be that of air alone* This oan be taken care of by noting that 
we may write without affeoting the aocuraoy of the relation 
Pm ~ Pm 
Ps Ps
 + Pa 
since the density of the a i r , p , i s negligible as compared with the 
density of the solid* If ws assume that i f the term on the right i s 
intendedt then the equation 
0.2$ 
3 £ * l ipj9B • Pa)
0"'5 - * CRe)B W) 
U a L 
oonforms with the physioal requirements of the pneumatic oonveying 
problem* 
Generalization of Equation (llj.) 
Equation (llj.) applies to materials of specific gravity 1*0 in 
a three inch standard pipe* It applies to a wide variety of shapes and 
sizes* The correlation indicated in Figure 7 shows that these factors 
are not as important as some investigators have assumed them to be* 
However, it should be pointed out that one should not expeot equation 
(lh) to hold for pipes of small diameter, say less than one inch* The 
particles of large size in such a case tend to out down the area of free 
flow and one might expeot different conditions to be attained* Fortu-
nately pneumatic oonveying is rarely carried on in pipes of less than 
35 
two inches diameter so that one might expect equation (lU) to hold for 
the usual pipe sizes employed in pneumatic conveying, provided the same 
materials were used. 
With materials of specific gravity greater than 1*0, the energy 
requirements to establish uniform motion in a horizontal pipe would be 
greater* Also, the pre-test section might have to be longer than that 
used in the experiments here desoribed. Some tests made with spherical 
particles of porous alundum (sp» gr» 1»83) which averaged olose to 3/8 
inch in diameter indicate (a) that the friction factor versus Reynolds' 
number curve lies considerably higher than the one shown in Figure 7» 
and further, (b) that the material tends to concentrate toward the bottom 
of the pipe. This applies to moderate loadings (30 to I4.O lb«/min«) at 
Heynolds* numbers around 350»000» Under these conditions it would be 
expeoted that the exponent n in equation (9) would be higher, and fol-
lowing the experience of Howard (8) that it would be a function of the 
concentration 
Since these studies did not apply to material having a speoific 
gravity much greater than unity, there are only a limited amount of data 
to indicate how equation (lij.) might be modified to correot for this 
material of higher speoific gravity. It has been observed that the 
correction factor tPs/(pa
 + Ps)3 * (or what has been used,[Pg/pa] * *•) 
is quite sensitive if the exponent is changed, It would seem, on the 
basis of the observations, that this exponent is definitely a function 
of the density of the material and that it would be in order to write 
equation (llj.) in the general form 
[2gcD V 4 L][f>m/(P5
 + Pa)3 f f i ( P s ) = £ (Re)m . (3$) 
Further experiments would be required to determine the form of 5(os) 
to fit the data. 
Studies on the Relative Velocity of Solids in Air 
A series of high speed motion picture's were made on various 
specific loadings of Tenite to determine the relative velocity of 
the air to that of the solid. Figures 8 and 9 are representative 
prints from the particles in motion through the glass observation 
section. The lines across the field are spaced at one inch intervals 
so that the distance traveled by a particle may be measured. Through 
a calibration of the film speed the measurements permit the calcula-
tion of the particle velocity. No attempt has been made to carry 
this study to the extent of correlating the slip to loading, particle 
size, shape and other characteristics of the solid which might con-
tribute, since the facilities available did not permit extensive 
use of this technique. 
The calculated velocities of solid and air are tabulated in 
Table 3 below. Than an increase in the loading causes an increase 
in the relative velocity of the air is indicated. This idea is in 
accord with the experience in vertical settling, that is, the concept 
of the terminal velocity of a material is inherent and a decrease in 
terminal velocity with increased concentration of particles (hindered 
settling) is implied, 
Feed Iff u u 
a a s 
Lb./Min. Lb./Min. Ft ./Sec* Ft ./Sec . 
UU.7 20.6 97 61* 
lh.O 15.1 70 U7 
39.1* 19.3 90 62 
38.8 17.3 82 it2 
TABLE III 
Material - Tenite 
u - u R °ds 
a s 
Ft. /Sec . Wt. sol id per unit time Wt. dispersed so l id 
Wt. a ir per unit time Cu. Ft. 
33 0.71 0.075 
23 0.93 0.097 
28 2.0U 0.208 
UO 2.23 0.302 
UJ 
- • j 
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"^feot of Pipe Roughening 
The effect of the intentional roughening of the tsst seotion by 
conveying abrasive materials is shown in Figure 10* The pressure drop 
versus air flow rate for two different feeds of oottonseed are shown* 
These two ourves, when compared with those of Figure 5 ̂ o r "th0 relative-
ly smooth pipe, show that pipe roughness contributes very markedly to 
the pressure drop encountered for a given loading of solid material. 
Further comparison of the two figures indicates that differences exceed-
ing twenty-five peroent have been enoountered in the region of highest 
loading* It is also apparent that the contribution of the solid's flow 
to the increase in pressure drop with increased roughness is a faotor 
much more predominant than that of the air* This conclusion is demons-
trated by the very different slopes exhibited by the curves of Figure 
10 and Figure 5« As previously mentioned, no investigation prior to 
this one appears to have recognized the magnitude of the importance of 
pipe roughness as a contributing factor to the flow properties of sus-
pended material* That it should be a consideration, however, is obvious 
if we reoognize the fact that the moving particles are constantly strik-
ing the wall of the pipe and changing direotion* Any roughness would 
tend to decelerate the particles in proportion to the degree of rough-
ness encountered by the particles* Thus, the energy required to reac-
oelerate the particles would be reflected in the pressure drop sustained* 
Future studies should, therefore, concern themselves with the need of 
conditioning of the pipe wall. Undoubtedly, in an actual pneumatic sys-
tem, the condition of the pipe wall is stabilized rather quiokly* But, if 
39 
the system is to be used to oonvey some other material than that origin-
ally used, one oannot predict what might be expected with regard to the 
pressure drop sustained without recourse to experimentation after the 
pipe walls have been restabilized* This effect is not so important for 
soft materials as it is when one passes from the use of soft to hard 
to soft materials once more. The hard materials are those •vfoich marked-
ly affect the roughness of the pipe wall. 
These investigations suggest further that some improvement might 
be achieved by preconditioning the pipe surface by ooating it, especial-
ly if soft materials are used. This might be done by passing through 
the system some plastic material such as Tenite* It has been noted that 
in a short time, the wall of the pipe becomes coated with a hard smooth 
layero This layer is quite persistent and tends to reduoe the roughness* 
Curve of Critical or Settling Velocity 
The conditions under which slugging begins are shown in Figures 
3 to 5« However, it is possible to reduce the slugging conditions for 
all the data obtained to a single curve by using the critical points 
of the various horizontal series shown in Figure 6, This has been done 
in Figure 11, which is a plot of the modified Fanning factor fm versus 
the modified Reynolds r number Re 0 Thus for the material having a 
m 
specific gravity of approximately 1»0, i t i s at once possible to estab-
l i sh the conditions at which slugging begins0 The necessary modifica-
tion of the relation 
2ScD hm , v 
~%T ' *<*>» > (16) 
Uo 
which represents the slugging curve, in order to take care of materials 
having specific gravities greater or less than 1.0 remains to be inves-
tigated. 
Consideration of Figure 11 reveals a remarkably good definition 
of the slugging conditions for the materials Tenite and soybeans, with 
a fair definition of the conditions for cottonseed* Since measurements 
of pressure drop over the test section were most difficult to make in 
the case of cottonseed the latter is not surprising. 
The equation of the curve of Figure 11 is: 
f = kJtf Re-fr , (17) 
and therefore equation (l6) may be written in the general form as 
2g«D K, JL 




As a r e s u l t of these i n v e s t i g a t i o n s on pneumatic conveying, t h e 
fo l lowing conclus ions may be drawnj 
(1) The test section must he preceded by an entrance section at 
least one hundred pipe diameters in length in order to permit the par-
ticles conveyed to attain a uniform velocity• The necessary entrance 
section may be longer for materials of specific gravity greater than 
1.0. 
(2) The pressure drop per unit length of pipe in which solids 
are oonveyed can be expressed by an equation of the form 
g 6e D V /Pm?*25 
—z — = f (Be) (lh) 
< L \PS) 
for material having a specific gravity of 1.0. For materials having 
a specific gravity greater than 1©0 the following equation is suggestedi 
- ^ W P s ) = f (He)m (15) 
a 
The exaot form of 3i(ps) needs to be investigated. 
(3) For a given feed rate, the relative velocity of the particles 
oonveyed with respect to the velocity of the air is relatively constant 
once true conveying has been established. 
(U) Pipe wall roughness has a marked effect on the pressure 
drop sustained when material flows in a pipe. Uniform and consistent 
test results depend on adequate preconditioning of the pipe wall. 
(5) Initial settling or slugging in a pipe can be expressed by 
142 
an equation of the fora 
2 g D h i 
I * = f (Re) = (Ito)^ 
vT L m 
a 
1+3 
RECOMMENDATIONS FOR FUTURE STUDIES 
The present investigation has been limited to the flow of solid 
material having a specific gravity of approximately 1*0 in a three inch 
nominal diameter pipe. Among the many factors which this study revealed 
as requiring further investigation, the following are important: 
(1) Since the acceleration of the particles to a uniform velocity 
requires a rather high expenditure of energy, some work should be done on 
this phase of pneumatic conveying* Efforts should be directed toward 
determining methods of quickly accelerating the particles. Undoubtedly 
muoh data has been obtained in industry on the design of nozzles to 
attain this result but fundamental information such as the effect of 
varying the inlet velocity of the air stream with respect to the velocity 
in the pipe line should be determinedo Undoubtedly, most difficulties 
encountered in commercial installations with regard to the clogging of 
the line are due to poor acceleration of the solid materialo Since the 
clogging usually occurs near the entrance a common remedy is to design 
so that the air velocity in the line is much greater than is necessary* 
The inefficiency of such a design is obvious* 
(2) The underlying causes of the slugging type of flow needs to 
be investigatedo Effort should be directed toward a differentiation 
between the region of true conveying and the region of slugging* Also, 
the connection between the flow in the slugging region with type of flow 
encountered in the movement of fluidized solids should be of interest in 
view of the observations in this study and that of Farber (5)o Since 
uu 
at the slugging points, the pressure pattern changes, although conveying 
in a sense continues, an opportunity is offered to investigate when true 
conveying is actually taking place. It is possible that the intersection 
of the slugging ourve with that of true oonveying would offer a suitable 
criteriono 
(3) Underlying the whole theory of pneumatic conveying is the 
fact that the relative velocity of the air with respeot to the particle 
velocity has a most important bearing on the pressure drop© The use of 
the high speed camera offers a means of determining the true velocities 
of particles of different sizes and densities* TNhen more information is 
available the correlation of slip velocity to the contributing variables 
should be capable of solution* It is certain that with this infoxmation 
a better generalization of the flow equation than developed in this 
thesis will be possible. 
(1|) The effeot of particle density should be investigated in 
order to establish the functional dependence of the proposed correlating 
factor on the density* 
(5) The effeot of wall roughness migfrt also offer a fruitful 
field of study, but would undoubtedly offer difficulties of solution due 
to the difficulty of maintaining other than an equilibrium degree of 
roughness for the harder materialso The effeot of wall roughness is, 
however, too important a factor in pneumatic oonveying to be neglected* 
Without proper characterization of roughness the generalization of the 
flow equation cannot be accomplished• 
U5 
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FEEDER CALIBRATION DATA 
Long Run - Feed Rate 2102 Lb ./kin. Tenite 

































10 • Test 
Press* 
Drop 
Sec t ion 
Gauge 
P r e s s . 
Or i f ioe 
Barom • 
P r e s s . 
tun 
No. 
P res s* 
Drop 
Gauge Feed 









Inoh % 0 Lbo/k in . 
Vaouum 
mm* Hg ° F . 
Air Calibration: 
A 1.07 7o2 16.53 12.6 
B 0.99 6.7 15.09 11.6 
C 0*93 6 .3 1U.07 10 .8 
D 0*86 5 .8 I3o03 10*2 
E 0.80 5o5 12*02 9*k 
F 0.75 5.0 11.02 8.7 
G 0o70 U.5 10.01+ 8.0 
H 0.63 U.2 9 .00 7.2 
I 0.57 3*8 8.00 6J* 
J 0.50 3 .3 6.97 5.7 
K 0.14+ 2 0 8 6.oe U#9 
L 0.36 2.1+ U.90 UoO 
738 70 
Soybeans and Airi 
19 A 1.28 IO06 15.08 15.6 25*8 
B 1.25 10.6 lU.8'4 15 .5 26.2 
C 1*23 10.3 liwi+5 15.3 25 .6 
D 1*20 10.1 13.92 1U.8 25 .8 
E 1.20 10 .1 13.98 llu9 25 .5 
F 1.15 9.5 12.95 13.5 25 .5 
G 1.02 8.5 11.01* 12.1+ 25 .5 
H 0.93 7.8 11.66 10.3 25 .3 
< I 0.81 6*9 10.02 9 .8 25 .1 
20 A 1.16 9 .6 15.18 H+.o 12.5 
B 0.99 7 .8 12.81 12*1 12.5 
C 0.93 7.U 11.65 11.2 12*5 
D 0.81 6.6 10.19 9.3 12*6 
733 65 
7*42 66 
*Runs on this and subsequent pages of this table thus indicated refer 
to the observed beginning of the slugging oondition of flow* 
10* Test Seotion Orifioe 
Run Press. Gauge Press* Gauge Feed 
No. Drop Press* Drop Press* Rate 
Inoh Inoh HgO Inch Inch î O Lb./fci 
BUO Vacuum H^O Vacuum 
2 0 E 0*69 5.6 8.I42 8.5 12.8 
F 0*56 Ikb 6.11 6.5 12*4 
* G 0*53 4.2 5.65 6.2 12*7 
H 0.73 5.9 8.83 8.9 12.7 
I 0.87 6.6 10.66 10.3 12.6 
J 0.91 7.2 12.04 11.1 12.6 
K 1*09 8.2 14.10 12.8 12o7 
21 A 1.20 11.3 14.66 16.4 32.8 
B 1.3o 11.3 1UJ4Q 16.3 32.4 
c 1.29 11.2 lU.16 16.0 32.6 
D 1.24 10.9 13.63 15*7 32.3 
E 1.20 10.4 12.67 14.8 32.5 
F 1.13 9.8 11.92 14.1 32.6 
G 1*05 9.3 10.78 13.2 32.8 
H 0.96 8.6 9.W* 12.0 32.4 
I 0.90 8.2 8.69 11.4 32.5 
* J 0.85 7.8 7.85 10.7 32.5 
22 A 1.51 14.8 12*57 19.4 62 .7 
B 1.45 14.4 12,41* 19.2 61.8 
C 1.45 14.4 12.32 19.1 62.1 
D 1.45 14.4 12.32 19.2 62.7 
E 1.43 14.3 12.10 18.8 62.0 
F i . 4 l 14.2 11.78 18.6 62.6 
8 1.39 14.0 11.46 I8.3 62.8 
* H 1.33 13.0 10.37 17.2 63.0 
I 1.36 13.6 11.07 17.8 *a 
Air Onlyi 
A 1.08 7.1 16.54 12«2 
B 0.63 9.00 7.2 
Tenite (Coarse) and Airi 
23 A 1.20 9*h 16.00 14.6 12.0 
B 1.17 9.2 15.44 14.4 12.1 
10* Test Section Orifice 
51 
Run Press. Gauge Press. Gauge Feed Barom* Boom 
No* Drop Press. Drop Press. Rate Press . Temp 
Inch Inch HgO Inch Inch H20 Lb»/fain» mm. Hg °F. 
%0 Vacuum V Vacuum 
23 c 1.11 8.8 1U.32 13.U 12.0 
D 1,01 8.0 12.86 12 J* 11.8 
E 0,90 7.6 11.63 11 .U 1106 
F o.au 6.6 10.1U 10.2 11 .U 
G 0o7U 5.8 8.50 8.8 11.2 
H 0.56 U.6 8.23 6.8 11.0 
* I 0.50 U.o 7.00 5.8 11.0 
2k A 1.26 10.U 15.51 15.1+ 17.7 7Uo 69 
B 1*23 9.8 15.07 15.0 17.5 
C 1.17 %h 13.97 1U.2 17.5 
D 1.08 8.8 12.56 13.0 17.2 
E 1.01 8.2 11.32 12.1 17 Ji 
F 0.90 7.U 9.89 10.8 17.U 
G 0.80 6.6 8.23 9.5 17.1 
H 0.72 5.9 7.16 8.6 17.1 
* I 0.6U 5.3 5.95 7.5 17.2 
25 A 1.U7 15.2 12.93 19.8 55.2 7ltf 70 
B 1J#6 15.1 12.83 19.7 5U.6 
C ljfc 1U.9 12.7*4 19.6 5U.8 
D i.hh II4.08 12.61 19.5 51+.6 
E 1.142 11+.8 12.52 1 9 4 51+.2 
F 1.39 1U.6 12.66 19.3 53.1; 
G 1.38 1U.5 12.30 19.0 53.9 
H 1.35 1U.3 12.06 18.9 53.7 
I 1.33 1U.1 11.69 18.U 53.1 
J 1.30 13.9 II.I48 18.2 53.5 
K I.29 13.8 11.20 17.9 53.5 
* L 1.27 13.5 10.91 17.7 53.1 
26 A 1*37 13.1 13*97 18.0 38.3 739 6U 
B 1.31+ 12.8 13^46 15.7 38.3 
C I.27 12.2 12.61 16.7 38.3 
D 1.20 11.5 11.39 15.6 38.2 
E 1.07 10.3 9.79 13.9 37.7 
* F 0.98 9.6 8.58 13.9 37.2 
• G o.au 8.9 8.66 11.5 37.3 
* H 0.73 8.1+ 5.5U 10.6 37.1 


















P res s* 
Inch H?0 Lb . /k ino m 0 Hg 
Vacuum 
Teni te (Pine) and Ai r t 
27 A 1.25 11 .9 lk.5h 16.8 25.2 
B 1.23 11.1* li.32 16.6 25 .3 
C 1.20 l l . l l 13.78 16 o2 25 .1 
D 1.17 11 .0 13.11 15 .5 2i*.8 
E 1.07 10.2 H o 8 1 1M* 2l*.2 
F 0.96 9 . 1 10.16 12.7 2U.0 
G 0*92 8.7 9.39 12.0 23 .5 
H 0.87 8.2 8.66 11.1* 23 .5 
I 0.83 8.0 7.96 11 .0 2l*.2 
* J 0 .78 7 .5 7.03 10 .1 2l*.l 
* E 0.65 6JL* 5.56 808 23 .5 
Def* L 0.58 606 U.59 8.5 23 .9 
S e t t l i n g 
739 
Cottonseed and Airs 
28 A 1.23 12.6 13.99 17 .7 U0.1* 
B 1.22 12 .5 13.87 17.6 1+0.8 
C 1.20 12J* 13.56 17 .3 1*0.8 
D 1.17 12.2 12.99 16 .9 1*1.3 
E 1.11 11 .5 12.10 1 6 a 1*1.1 
c F l.oe 10 .9 12.92 l i ; . 9 1*1.2 
G 1.07 l l o l 11.1*1 15 .5 1*1.6 
> H 0.99 11 .0 10.146 1U.U 1*1.1 
29 A 1.20 10.7 15.28 15 .7 22o5 
B 1.19 10.6 15.06 15 .6 2 2 . 5 
C 1.16 10.1* llu7U 15.U 22 0 7 
D 1.13 10 .1 ll*.li* 14 .8 22.1* 
E 1.07 9 .6 13.11+ 1U.0 22 .5 
F 0.98 3 e 8 11 .78 12*9 22 .3 
G 0.9U 8.5 11.18 12.3 22 ,2 
E 0.90 8#j2 10.50 11.7 22 J* 






b Sect i t < 
Gauge 
Or i f i c e 
Feed Barom. Run P r e s s . Gauge Boom 
No* Drop P r e s s . Drop P r e s s . Eate P r e s s . Temp 
Inoh 
a^o 
Inoh % 0 
Vacuum 
Inoh Inoh ^ 0 
H^O Vaouuoi 
Lb./foin mm. Hg °Fo 
30 A 1.1b 9.3 16.05 li+ob 12 .1 74o 65 
B 1.12 9 .1 15 .51 14 .1 12 .1 
C 1.10 8.8 1U.92 13 .8 12.1 
D 1*05 8.4 14.26 13.1 12.1 
E 0*97 7 . 8 13.02 12.2 11 .9 
P 0.85 6 .9 11.03 10.6 11 .9 
• G 0.75 5*7 8.25 9 .1 12.1 
Air Onlyj 
A l.oe 7 .0 15.20 11 .8 71*0 65 
B 0.92 6.4 13.58 10.7 
C 0.85 5 .8 12.22 9 .8 
D 0.62 4.4 8.92 7 .3 
Runs 31 through 34» Inclusive - Abrasive Materials Conveyed to Roughen Pipeo 
Cottonseed and Airs 
35 A 1.30 11.0 14.56 15 .9 25 .7 
B 1.32 11 .8 lb.07 16 .5 33.5 
C 1.31 11 .9 13.88 16 .4 33.3 
D 1.30 11 .8 16.3 33.9 
E 1.27 11.6 13.21 16 .0 34.2 
F 1.22 11 .1 12 .54 15.1+ 33.4 
G 1.18 10.7 11.72 11+.6 33.2 
H 1.12 10 .3 10.76 13 .9 33.8 
I 1.09 10.0 10.21+ 13.5 33.9 
J 1.06 9.7 9.58 13 .1 34.5 
K 1.03 9.2 8,88 1 2 . 4 33.7 
L 0.99 8.9 8.29 11 .9 33.8 
36 A 1.36 12.J+ 14.66 17 .5 34.3 
B 1.36 12.2* 14.48 17 .6 33.8 




1 0 ' Test 
P r e s s . 
Sec t ion 
Gauge 
Or i f i ce 
Feed Barom. Run P r e s s . Gauge Bo cm 
No. Drop P r e s s . Drop P r e s s . Rate P r e s s . Temp 
Inch Inch ft>0 Inch Inch HgO Lb./fain. nsa. Hg ° P . 
% 0 Vacuum V Vacuum 
37 A 1.1*0 13.0 13.97 18.2 38 .7 731* 61* 
B 1.1*3 13 o7 13.1*6 18 .9 L1I4..S 
C 1.142 13*7 13.32 18 .9 1*5.2 
D 1.1*1 13 .5 13.07 18 .6 1+U.5 
E 1.38 13 o3 12.70 13 .3 1*5.0 
F 1.36 13*1 12.22 18 .0 1*5.6 
G 1.32 12 ,6 11.1+7 17.1+ 1+6.0 
H 1.28 12 .3 10.71 16.8 1+6.0 
* I 1.2U 11*6 9.72 15 .8 1*5.8 
Air Only* 
A 1.13 8.2 1 5 . 81* 13.1* 732 80 
B 0.98 7 .3 13.U9 11.6 
C 0.88 6 .5 11.91* 10.1* 
D 0.80 5.8 10.69 9.1* 
B 0 .81 5 .8 10.80 9.1* 
P 0.73 5.1* 9*69 8.6 
G 0.66 1+.6 8.58 7 .7 
H 0,58 i*.0 7 .28 6 .5 
I 0.2*9 3.1* 5.80 5.1+ 
J 0.1a 2 . 9 1*.83 U.5 
Alundun Spheres and Airt 
38 A 1.510 10 .0 15.1+8 15 .3 15 .1 
B 1.510 9 .8 15.26 15 .1 15 .3 
C 1.U7 9 .8 1U.52 11+.7 15 .1 
D 1.1*1* 9 .3 13.75 ll*.6 15 .0 
£ 1.31* 9 .1 12.30 13 .1 15.2 
P 1.31 8.1 11.10 13.2 ll*.9 
G 1.26 7 .6 9 .58 11 .0 lh.5 
1 H 1.31 7.3 8.79 10.9 15 .0 
> I 1.16 7 . 1 7.66 10 .1 1U.6 
736 68 
^Glass observation section not used. Beginning of the slugging type 
of flow was estimated by the sound of the movement of material. 
10* Test Section Orifice 
Run Press * Gauge Press* Gauge Feed 
No* Drop Press* Drop Press. Rate 
Inch Inch HgO Inch Inch 1^0 Lb./fein. 
E^O Vaoum ELO Vacuum 
39 A 1.95 13.8 13.29 18.6 3U.3 
B 1.93 13.5 13.06 18,6 3U.6 
0 lo91 13«0 12.65 17.1 3U.U 
# D 1.99 12.9 11.92 17.3 3U.3 
E 1.9U 13*0 12.03 17.8 3U.7 
Uo A 1.93 12,6 H+.17 17.it 25 »6 
B 1.90 12.0 13.69 17.0 25.1 
C 1.80 l l . l i 12.60 16.2 25.3 
D 1.76 10 J; 10.20 1U.2 25.3 
la A 2.16 13J4 13.07 18.2 -
B 2.05 13.6 12.99 X8.U 36.8 
C 1.96 13.8 12.81 18.8 36.8 
D 1.98 13.8 12.70 18.6 36.2 
E 2.00 13.U 12.37 18.6 36.3 
# F 2.00 12.8 12.56 18.0 33.2 
# G 1.87 13.0 12.01 17.6 3U.5 
Run Press. Drop Air Rate  
No. Test Sect© Weight Volumetric 
Inch E^O Lb./toin. Ft̂ /foin. 




D 0 ,86 
B 0.80 
F 0o75 
G 0 ,70 



















Density- Head Lose 
L = 100 F t . 
Re 
x 1 0 " 5 
F r i c t i o n 
Fac to r 
* ( P n / P S ) 
Air 1 Uixture 
ill O 
Lb . / F t 5 Lb./fo5 Ft-LbpAb^ x 10 5 x 10 5 
0.0716 775 1U3 15 .0 
.0716 717 137 15 .1 
.0718 671 132 15.2 
•0718 621 127 15.1 
.0718 578 123 15.2 
.0719 5I4I l ie 15.U 
.0720 5£>U 112 15 .8 
.0721 U53 107 15 .9 
o0722 1*09 101 16 a 
#0723 359 9U 16 .3 
.0721; 316 88 16 o5 
o0725 258 80 15*8 
0.2? 
« 
TABLE VI (Continued) 
CALCULATED DATA 
Run Press. Drop Air Rate Density Head Loss Re Friction ^(Pu/pg) 
No. Test Seoto Weight Volumetrio Air Mixture L z 100 Ft. Factor 
Inch HgO Lb./kin. Ft5/kin. Lb./Ft5 Lb./fo5 Ft-L^/Lt^ x lO*"*5 x 105 x 105 
Soybeans and A i r : 
19 A 1.28 20 .0 282 0.0710 0.163 U03 311 8.50 1.85 
B 1.26 19.8 279 .0710 .165 39U 312 8.55 1.86 
C 1.23 19.6 275 .0712 .161+ 388 306 8.56 1.87 
D 1.20 19.3 266 .0712 .166 368 303 8.69 1.90 
E 1.20 19.3 266 .0712 .168 368 303 8.69 1.90 
F 1.15 18.7 262 .0712 .169 351 300 8.53 1.88 
G l.oe 17.3 21+2 .0715 .177 296 290 8 . 1 * 1.88 
H 0.91+ 16.3 227 .0716 .183 262 281 8.1+9 1.90 
I 0.82 1U.8 207 .0718 .195 216 27U 8.1+2 1.91 
VJl 
TABLE VI (Continued) 
CALCULATED DATA 
Run P r e s s . Drop Ai r Rate Dens i ty Head Loss 
No. Test S e c t . Weight Volumetrio Ai r Mixture L s 100 Ft, 
Inoh HgO Lbo/kino F t 5 / fo in . Lb . / F t 5 Lb . / F t 5 Ft-Lbj 
Re F r i c t i o n 
Factor 
x 10~5 x IO? x l O 3 
o.̂ g: 
Soybeans and A i r : 
20 A 1.16 20 .2 290 
B 0.99 18.6 257 
C 0o9i+ 17.8 2U6 
D 0o81 16.7 230 
E 0.69 15.2 210 
F 0.56 13.1 179 
G o*53 12.6 172 
H 0.75 15.7 216 
I 0.87 17 .1 236 
J 0.91 I80I 21+9 
K 1.09 19.5 269 
0.0718 0.115 525 
•072U .121 1+26 
.0725 .123 388 
.0725 .127 328 
0O727 .151+ 269 
.0731 .11+2 207 
.0731 ol!+7 187 
.0727 0131 293 
.0725 .126 359 
.0725 .123 387 
O072U .120 U75 
226 10.1; 
211 10 .8 




171 10 .6 
192 10 .5 
202 10.8 
208 10.1; 














TABLE VI (Continued) 
CALCULATED MTA 
Run P r e s s . Drop Air Rate Dens i ty Head Loss Re F r i c t i o n f ( o / p ) 
Noo Test S e o t . Weight Volumetric H r Mixture L a 100 F t . Fac tor s 
Inch HgO Lb. /k in . F t 5 / k i n . Lb. /Ft 5 Lb./St^ Ft-Lbp/Lb^. x 10"5 x 105 
0.25 
io3 
Soybeans and Air* 
21 A 1.20 19.9 277 0.0718 0ol90 326 357 7.10 1.61 
B 1.30 19.8 275 D0718 ol90 35k 35U 7.82 1.78 
C 1.29 19.5 272 .0718 .192 3U7 35U 7.8J+ 1.77 
D 1.25 19.1 267 0O718 .193 322 3U9 7.8U 1.78 
E 1.20 18.6 258 .0720 .199 313 3U8 7.85 1.80 
F 1.13 18.0 250 .0720 .202 292 3142 7.80 1.79 
G 1.06 17.2 238 .0722 •210 260 339 7.67 1.80 
H 0.96 16.0 223 .0722 .217 229 328 7.69 1.79 
I 0,90 15.5 217 .072)4 .222 212 326 7.62 1.77 
< J 0«85 U+.7 20it •072U .233 187 322 7.50 1.78 
VJl 
VO 
Run Press* Drop 
No* Test Sect* 
Inch HgO 
TABLE VI (Continued) 
CALCULATED DATA 
Air Rate Density Head Loss Re Friction 
Factor 
f Wp 
Wei ght Vol uaetr'i I Air Mixture L = 100 Ft0 
Lb./Win* F t ^ i n . LboA* Lb./Ft^ F t ~ L b ^ b x 10*^ x 103 x 10 5 
Soybeans and Air: 
22 A 1.51 18«5 260 0.0712 0.312 251 550 6.20 1.59 
B 1.1+5 18.U 258 .0713 .310 210 51+2 6.09 1.55 
C lJ+5 18.2 255 o07l3 o3iU 239 51+3 6.1U 1.57 
D Ui5 18.2 255 .0713 •311; 239 5U3 6.1U 1.57 
E iJ i3 18.1 25U .0713 .315 235 5142 6.08 1.56 
F 1J4I 17.8 250 .0713 .321 228 51+3 6.09 1.56 
G 1.39 17.6 21+9 .0713 •325 222 51+U 6.07 1.57 
< H U3h 16.8 236 .0715 .338 206 5U1 6.17 1.61 
I 1.36 17.3 2*42 .0713 Feed Rate Not Recorded _ • 
TABLE VI (Continued) 
CALCUIATED DAI& 
0.25 
Sun P r e s s . Drop A i r Rate Dens i ty Head Loss Re F r i o t i o n ^ ( p ^ / p - ) 
No© Test S e c t . Weight Volumetric A i r Mixture L s 100 F t . Faotor 
Inch HgO Lb./foin. Ft 5 / foin . L b . / F t 5 L b . / P t 5 F t - L b p A ^ x 10~5 x 10 5 x 10 5 
Tenite (Coarse) and A i r i 
23 A 1.20 20.7 289 0.0715 0.113 552 221 11.0 2.20 
B 1.17 20.3 281+ .0715 .111+ 536 219 11 ol 2.23 
C 1.11 19.6 27U .0715 .115 505 212 11.2 2.25 
D 1.02 18.6 260 .0716 .117 1+59 206 1 1 . k 2.30 
B 0.90 17.7 2U7 .0717 *119 39e 199 10.7 2.18 
F 0.8L+ 16.6 232 .0718 .121 363 190 11.3 2.30 
G 0.71+ 15.3 213 .0720 .125 307 181 11.3 2.32 
H 0.56 13.2 iek .0721 .132 222 165 11.1+ 2.38 
* I 0.50 12.0 166 .0723 .139 189 156 H . 5 2.J+3 
ON 
TABLE VI (Continued) 
CALCULATED DATA 
Run Press* Drop Air Rate Density Head Loss Re Friction £(Pn/Ps' 
No. Test Sect© Weight Vbluaetrio Air Mixture L « 100 Ft. Factor 











Teni te (Coarse) and A i r : 
21+A 1.26 20 .3 285 
B 1.23 20 .1 282 
C 1.17 19.3 271 
D 1.08 18.ij. 258 
E 1.01 17.5 2U+ 
F 0.90 16.1+ 228 
G 0.80 15«1 210 
H 0.72 ll+.l 196 
* I 0.61+ 13.0 180 
0.0713 0.133 1+91+ 
.0713 .133 1+78 
.0711+ .136 1+i+U 
.0715 .138 1+05 
.0717 •1U3 368 
.0718 .11+7 319 
.0719 .153 272 
.0720 .159 21+5 











TABLE VI (Continued) 
CALCULATED DATA 
Run P r e s s . Drop Air Rate Densi ty Head Loss Re F r i o t i o n ^(&i/Pg) 
Noo Test Seoto Weight Volumetric Ai r Mixture L a 100 Pto Fac to r 
Inoh HgO L b . / 4 i n . Ft^/foin. Lb./fcb5 Lb./frt^ F t - L t y t b x 1 0 " 5 x 1CT x 1CT 
Tenite (Coarse >) and Airi 
25 A 1.1+7 18,7 265 0.0701+ 0.278 277 500 6.82 1.71 
B I.I46 18.6 261+ .070U •277 27U 1+96 6.56 1.65 
C l.bk 18.5 263 •070U .278 269 1+96 6.50 1.63 
D l.bk 18.U 262 .0705 .278 269 U93 6.55 1.6!+ 
E I.I42 I8.3 260 .0705 .279 261+ 1+92 6.U3 1.61 
F 1.39 18.U 262 .0706 .275 263 1+88 6.1+0 1.60 
G 1.38 18.2 258 .0707 .279 256 1+88 6,1+2 1.61 
H 1.35 18.0 255 .0707 o281 2U9 1+86 6<,40 1.61 
I 1.33 17.8 252 .0708 .281 2l|6 1+80 6.1+7 1.63 
J 1.30 17.7 250 .0708 .28U 238 1+82 6.36 1.60 
E 1.29 17.5 21+7 .0709 .287 235 1+81 6.10 1.63 
* L 1.27 17.3 21+3 o0709 .289 229 1+76 6.U8 1.6U 
TABLE VI (Continued) 
CALCULATED DATA 
Run P r e s s . Drop A i r Rate Density Head Loss Re F r i c t i o n ^ ( P B / P S ) 
No. Test S e o t . Weight Voltanetrio Air Mixture L • 100 Ft* Fac tor 
Inch HgO L b . / k i n . F t ^ / a n . Lb./fr t5 Lb . /F t^ Ft-Lbp/Lbu x 10~3 x 10^ x 10^ 
26 A 1.37 19.2 268 0.0715 0.210 339 381 7.88 l .Sb 
B 1.31+ 18.8 263 .0715 .217 320 387 7.73 1.82 
C 1.27 13.3 256 .0717 .221 299 383 7.62 1.81 
D 1.20 17.5 2I4U .0717 .228 272 377 7.63 1.82 
E 1.07 16.3 226 .0720 .238 Z3h 365 7.65 1.8U 
F 0.98 15.2 212 .0720 .21*6 208 353 7«72 1.88 
6 O.QU 13.5 187 .0722 .271 162 3U3 7.73 1.93 
H Oo73 12.3 170 .0721+ .289 131 333 7.57 1.92 
£ 
TABLE VI (Continued) 
CALCULATED DATA 
Run P r e s s . Drop Ai r Rate Densi ty Head Loss Re F r i c t i o n "^PTT/PS^ 
No. Test Seoto Weight Volumetric Air Mixture L • 100 Ft© Fac to r 
Inch HgO L b . / k i n . F t 5 / fa in . L b . / F t 5 Lb. / f r t 5 F t - L l y f o ^ x 10" 5 x 10 5 x 10 5 
Tenite (Fine) and Airs 
27 A 1.25 19.7 278 O0O706 0.161 U03 303 8.71 1.90 
B 1.23 19.5 276 .0707 .162 392 303 8.59 1.88 
C 1.20 19.2 271 .0703 .163 380 299 8.61; 1.90 
D lol7 I808 266 00709 .16U 369 296 8.71 1.92 
E 1.07 17o8 251 .0710 ol67 332 28U 8.80 1.95 
F 0.96 16.5 232 .0712 •vfU 286 27U 8.87 1.98 
G 0.92 15.8 222 00712 .177 269 266 9.12 2.01; 
H 0.87 15.U 216 .0713 .180 250 26U 8.95 2*05 
I 0.83 1U.7 206 •0713 .188 227 262 8.93 2.03 
J 0.78 U4.0O 196 0O7H4. .191* 207 258 8.93 2.0U 
K 0.65 12.6 17U .0715 .206 161+ 2U3 9.03 2.10 
L 0.58 llo3 158 0O7H* .222 136 238 9.10 20l6 
TABLE VI (Continued) 
CALCULATED DATA 
Run P r e s s . Drop Ai r Bate Densi ty Head Loss Re F r i o t i o n ^(Pn/Ps^ 
No. Test Seoto Weight Volumetric Ai r Mixture L 2 100 F t . Fao to r 
Inoh HgO Lb./foin. F t 5 / i c i n . Lb. /fr t 5 L b . / F t 5 F t -Lbp/ lb^ x 10" 5 x 1 0 5 x 10 5 
28 A 1*23 19.2 27U 0.0707 0.218 292 UP5 60I42 I . 5 6 
B 1.22 19 .1 272 .0707 .221 286 h.07 6.U5 1.57 
C 1.20 19.0 269 0O709 .223 279 U06 6oi0 1.57 
D 1.17 18.7 26^ •0709 .229 265 U10 6 .35 I . 56 
E 1.11 18 .0 25U .0709 •233 2itf U01 6.38 1.58 
F l.oe 17.2 2ia .0711 .2142 219 395 6.29 1.56 
6 1.07 17*7 2ii6 o0711 02I4O 231+ Uoo 6.U5 1.60 
E 0.99 16 .8 237 .0711 .2U5 210 393 6 .23 1.56 
£ 
TABLE VI (Continued) 
CALCULATED DATA 
Run P r e s s . Drop Air Rate Densi ty Head Loss Re F r i c t i o n £(pn/p&) 
No. Test S e c t . Weight Volumetric Air Mixture L = 100 F t . Factor 
Inch HgO Lbo/knju F t 5 / k i n . Lb. / f r t 5 Lbo/frt^ Ft-Lbp/l*1^ * 10" 5 x 10 5 x 1(T 
29 A 1.20 20.2 281+ 0.0711 0.150 iofc 289 8.56 1.89 
B 1.19 20 .0 282 .0711 .151 i+08 288 8.58 1.91 
C 1.16 19.8 278 .0713 •153 395 288 8.5U X.90 
D 1.13 19.5 271* .0713 .153 382 281+ 8.50 1.90 
E 1.07 18.8 265 .0713 .155 362 278 8.52 1.90 
F 0.98 17.8 21+9 .0715 .161 316 272 8.51 i.9e 
6 0.91+ 17.3 2l+2 o0715 ol63 298 267 8.50 1.92 
H 0.90 16.8 231+ .0717 .168 276 267 8.1j2 1.92 
* I 0.85 16.3 228 o0717 .169 259 261 8.38 1.92 
o 
- J 
TABLE VI (Continued) 
CALCULATED DATA 
Run Press. Drop Air Rate Density Head Loss Re Friotion f (p/p ) 
No. Test Sect. Weight Volumetric Air Mixture L s 100 Ft. Factor 
Inch HgO L b o A
i n « Ft^ / fa in . L b . / f c t 5 L b . / h r 5 Ft-Lbp/kb^ x 10~3 x IQ3 x 10
5 
30 A l . l i t 20 .7 286 0o072l 0.11U 519 221 10.5 2 e18 
B 1.12 20 .3 282 .0721 .115 505 210 10.6 2.20 
c 1.10 20 .0 277 .0721 .116 U95 218 10.7 2.21+ 
D 1.05 19.5 270 o0723 .117 lift 196 10.7 2 .22 
E 0.97 18.7 259 o0723 .118 i|28 189 10.7 2 .22 
F 0.85 17.3 239 0O725 .122 366 198 10 .7 2.21+ 
G 0.75 15 .1 208 .0727 .133 292 187 11.3 20ll2 
A i r Only: 
A 1.02 20.3U 
B 0.90 19.25 
C 0.85 18.35 
D 0.63 15.67 CN 
CD 
TABLE VI (Continued) 
CALCULATED DATA 
Run Press• Drop Air Rate Density Head Loss Re Friction f(p /ps) 
No, Test Sect. Weight Volumetric Air Mixture L S 100 Ft* Factor 
Inch HgO L b . / k i n . Ft^/foin. L b . / F t 5 Lb./Ffc5 P t - L l y t t ^ x 1 0 ^ x i o
5 x 10 5 
Runs 31 th rough 3U* Pipe Roughened by Abras ive M a t e r i a l s * Data Not Recorded. 
Cottonseed and A i r : 
35 A 1.30 Bad Reading 
B 1.32 19.3 
C 1.31 19.3 
D 1.30 -
E 1.27 18.7 
F 1,22 18.3 
G 1.19 17o8 
H lol3 17.1 
I lo09 16.7 
J 1.06 16*2 
E lo03 15.7 
L 0.99 15.1 vo 
TABLE VI (Continued) 
CALCULATED DATA 
Bun P r e s s . Drop A i r Rate Densi ty Head Loss 
No* Test S e c t . Weight Volumetrio Ai r Mixture L = 100 F t . 
Inch BgO L b . / k i n . F t r /Min . L b . / F t 3 Lbo/Ft^ Pb-Lbp/ t l^ 
Run 36 I n t e r r u p t e d . 
37 A i»i+o -
B 1.U3 19.0 
C l.l£ 18.8 
D i.m 18.7 
E 1.38 13.6 
F 1.36 18.1 
G 1.32 17.5 
H 1.28 17.0 




x 10' -3 x 103 
«W'* 
io5 
Run Press* Drop 
No. Test Seotd 
Inch HgO 
TABLE VI (Continued) 
CALCULATED DATA 
Air Rate Density 
Weight Volumetrio Air Mixture 
Lb./kin. Ft^in. Lb./Pt^ Lb./Ft^ Ft-Lb 
Head Loss 
L = 100 Ft. 
Re 
x 10 -3 
Friction 
Factor 
x 10 5 x 105 
0.2S 
Air Onlyt 
A 1.13 20.3 291 O.0698 
B 0.93 18.8 278 .0700 
C 0.88 17.8 251+ .0701 
D 0.78 16.9 2U0 .0702 
E 0.81 17.0 2L|2 .0702 
F 0.73 16.1 239 .07QU 
G 0.65 15.2 215 .0705 
H 0.58 ll+.O 198 0O706 
I 0.U8 12.6 178 .0707 








TABLE VI (Continued) 
CALCULATED DATA 
0.2S 
Run Press. Drop Air Rate Density Head Loss Re Friction £(pL/ps) 
No. Test Seot. Weight Volunetrio H r Mixture L = 100 Ft. Factor 
Inoh HgO Lb./4in. Ft5/foin. Lb./Ft5 Lb./Ft5 Ft-Lb A b x 10"5 x 105 x 10 
Alundum Spheres and Air: 
3 
38 A 1.51 20.1+ 286 0.0711 0.123 614 239 13.6 2.1+7 
B 1.51 20«2 281+ •0711 .125 626 2141 13.0 2.37 
C 1.1+7 19.7 277 .0711 .125 613 235 13.1+ 2.1+U 
D 1.10+ 19.2 269 o0713 .127 590 231 13.5 2.1+7 
E 1.3U 18.2 255 o0713 •131 531+ 227 13.7 2.52 
F 1.31 17.3 2I42 o0715 .133 516 218 U+.7 2o72 
G 1.26 16.3 226 •0715 •136 1+83 208 15.8 2.91+ 
# H 1.31 15.5 217 o0715 oll+l 1+75 207 16.8 3.15 
# I 1.16 lUo5 202 o0717 •114+ 1+18 197 17.1 3.23 
T̂Glass observation section not used. 
sound of the movement of material. 
Beginning of the slugging type of flow was estimated by the 
18 
TABLE VI (Continued) 
CALCULATED DATA 
Run Press. Drop Air Rate Density 
No. Test Sect. Weight Volume trio Air Mixture L = 100 Ft. 
.3*„ 
Head Loss Re Friction ^ P E / P S ^ 
Factor 
39 A 1.95 18.7 267 
B 1.93 18.5 261; 
C 1.91 18.3 260 
t D 1.98 17.8 252 
E 1.9U 17.9 253 
U0 A 1.93 19.U 
B 1.90 19.1 
C 1.80 18.3 
D 1.76 16.5 
0.^,' 
Inch B%0 Lb./kin. Ft /4lin. Lb^Ft5 Lb#/Ft
5 Ft-Lbp/tl^ x 10"5 x 105 x 10' 
0.0703 0.199 507 
.0703 o201 U98 
.0705 .203 U79 
.0705 .206 U96 
.0705 o207 U86 
Further quantities on spheres not calculated in view of the 
uncertainty as to the flow condition as i s mentioned in the t e x t . 
360 11.9 2.U3 
360 11.9 2.bk 
358 1U8 2.i|2 
352 13.1 2.70 
355 12,7 2.63 
- J 
OJ 
TABLE VI (Continued) 
CALCULATED DATA 
Run Press • Drop Air Rate Densi ty Head Loss 
No. Test S e c t . Weight Volumetric A i r Mixture L = 100 F t 0 
Inch HgO Lb0 /4lin. Ft^A
i n<> Lb„/Ft^ L b . / W 5 Ft-Lb Ajb x 
I4I A 2 e l6 18.7 
B 2o05 18.5 
C lo96 18.U 
D 1.98 18.3 
E 2o00 18.0 
# F 2.00 18.3 
# G lc87 17*9 
75 
TABLE VII 
DATA FOE EQUILIBRIUM STUDY 
Peed Length of Pressure Pressure Average Press. Drop 
Test Sect. Drop Drop Unit Length 
Lb./kin. Fto Inch H^O Inch ̂ 0 Inch %o/Ft. 
19«o U5 8.5U0 8.5U0 0.190 
Uo 5.568 5.560 0.139 
35 U.720 U.710 0.135 
19*1 30 3.965 3.955 0.132 
25 3.310 3.300 0.132 
19.0 20 2.620 2.620 0.131 
53.6 U5 9.100 9.050 0.202 
ko 6.923 6.920 0.173 
35 5.U70 5.U8O 0.156 
5^.0 30 U.U85 U.U75 0.150 
25 3e675 3.670 o.Htf 
53o8 20 2c910 2.912 0.li;5 




The method of calculation of the values listed in Table VI 
will be illustrated for soybeans with an air flow rate of 19•8 Lb./Min., 
calculated from the orifice reading using the equation and coefficients 
presented by Stearns^ et al. (10). 
D = 3.108 in. 
p3 - 73.0 lb./ft
3 
At 1.30 in. H2O pressure drop across the test section, 
Wa ~ 32*k lb./min. = feed rate 
pa = 0.0713 lb./ft
3 
JJL = 0.018 centipoise = viscosity of air 




p™ = o^nr = S +Pa - g-*pa - o.ioo ib./ft3 m Qfl + 0* Vi S _ ^ T 1 
PsQa 
+ 1 
1^ = h^ x (fv/Pm) = 1.30 x 10/12 x 62.3/0.190 = 3$k Ft-Ebp. 
^ k L = 100 
Re = D Q p = 3*108/12 x 275 x. 0.190 x HUi. 
T T i T "^IB^TCT^ x 10- i x .7854 x (3.108)* x 60 
= 35U,ooo 
f = 2ScD V ^ a L = 2 x 32.2 x tr2 x (3>108)g x 351; x 36OO a # o o 7 8 2 
16 x 12^ x 1 0 0 x 27^2 












* - 1 8 
3 












Rates of Solid 




20 U0 60 80 100 
Pipe Diameters Prom Feed Entrance Point 
Figure 2 0 Arerage Pressure Gradient Along the Conveying Line for Two 
Tenite Feed Rates at Constant Air Flow Rates* 
80 
10 11 12 13 1U 15 16 17 18 19 20 
Air Flow Rate in Lb#/fcin. 
Figure 3. Pressure Drop - Air Flow Relationship for Tenite. 
31 
0.5 
10 11 12 13 lb 15 16 17 18 19 20 
Air Flow Bate in Lb./fcin. 




Rates of Sol id 
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Ai r Flow Rate i n Lbo/foino 


















# Tenite (Coarse) 
• Cottonseed 
• • » < • « m -
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1 •o 1.5 2,0 2.5 3.0 3.5 U»o 5.0 6,0 8.0 10.0 
Re X 10~5 
Figure 6 . Modified Friction Factor and Reynolds Nisnber Relationship 















Svmbol Ua + ««~t»1 
O Soybeans 
• Tenlte (Coarse) 
+ Tenlte (Fine) 
• Cottonseed 
" ^ o ^ . 
**£$* ̂ » 
o- o 
i 
1 2 3 U 5 6 7 8 9 1 
Re X 10-5 
Figure 7* Modified Frlotlon Faotor and Reynolds Number Relationship 








Figvire 8, A Sequence of High Speed Photographs of Par t io l e s With 
an Average Veloci ty of Sixty-two Feet Per Seconds 
* 
I I I ',< I <« 
_ ^ - • * i * 
> '•** * s ^ ^ s . - > * *"• 
T ;. 
(d> 
I I i 
~ ~ 
• J* *m+ 0 JtA ( f ) 
I 
Figure 9» A Sequence of High Speed Photographs of P a r t i c l e s With 
an Average Veloc i ty of Sixty-two Feet Per Second. 
87 
1.6 
Rates of Solid 
Feed in Lb./Min. 

























































10 11 12 13 lb 15 16 17 18 19 20 
Air Flow Rates in Lb./fcin. 
Figure 10. Pressure Drop - Air Flow Relationships 












O Tenite (Coarse) 
0 Cottonseed 
<*N>s^ e 




1 .0 1.5 2,o 2#5 3#o U.o 5»o 6.0 8.0 10.0 
Re X 10"5 
Figure 11* Modified F r i c t i o n Faotor and Reynolds Number f o r C r i t i o a l 























( } 20 Up 60 80 100 120 H4O 160 180 200 
Weight (Bounds) 
Figure 12• fypioal Calibration Curre Obtained During 
Long Feeder Runs* 
2 4 8 1 7 2 90 
0 10 20 30 U0 50 60 70 80 90 
Weight (Pounds) 
Figure 13• Typioal Calibration Curve Obtained During 
Short Feeder Rune* 
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